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Surface recombination affects both light-to-electricity and electricity-to-light conversion in solar
cells (SCs). Therefore, quantitative analysis and reduction of surface recombination is an important
direction in SC research. In this work, electroluminescence (EL) intensity and photoconversion
efficiency of a set of 93 large-area (239 cm2) a-Si:H/c-Si heterojunction SCs (HJSCs) are measured
under AM1.5 conditions at 298 K. The HJSC samples differed only in surface recombination velocity,
S, but otherwise were identical. Variation in S was due to the variation of the chemical conditions
under which the samples were treated. It is established that EL quantum efficiency, is affected by
S much more strongly than photoconversion efficiency, η: namely, the reduction of the latter from
20.5% to 18% due to an increase of S is accompanied by a decrease of the former by more than an
order of magnitude. In HJSCs with well passivated surfaces, i.e. low S, EL efficiency reached 2.1%,
which is notably higher than the known values in silicon homojunction diodes. For temperature-
dependent measurements of EL and dark I-V curves, one of the samples was cut into small-area (1
cm2) pieces. It was found that EL intensity as a function of temperature develops a maximum at T
= 223 K. At low temperatures, the current at weak bias is shown to be due to tunneling mechanism.
A theoretical model is developed that explains all these findings quantitatively.
PACS numbers:
I. INTRODUCTION
Among its numerous applications, electroluminescence
(EL) can be used as an efficient tool to investigate the
quality of silicon solar cells (SCs) [1–3], in particular,
their bulk recombination parameters [4–6]. Another ma-
jor factor that limits SC output power is surface recombi-
nation; hence, surface passivation and quantitative char-
acterization of surface recombination velocity, S, is an
important area of activity in SC research [7–11]. Yet,
there are not many publications investigating the influ-
ence of surface recombination on luminescence in SCs.
We note that this research is of practical importance
not only in the field of solar energy, but also in the area of
semiconductor light-emitting diodes. Indeed, it has been
established in several publications on edge luminescence
in silicon diode structures that their photoluminescence
quantum efficiency at room temperatures can be as high
as about 10% [12], and EL quantum efficiency can reach
1% [13, 14]. These high values are surprising in view of
the fact that silicon is an indirect-bandgap semiconductor
with relatively low radiative recombination constant. In
order to achieve these results, efficient surface passivation
was crucial [12].
We are aware of only one paper [15] where the effect
of surface recombination rate on EL intensity was stud-
∗E-mail: mevstigneev@mun.ca
ied systematically. An interesting conclusion made in
that work is that EL intensity is very sensitive to sur-
face recombination velocity, and therefore can be used to
determine the latter.
The development of heterojunction solar cells (HJSCs)
based on a-Si:H/c-Si structures with record efficiency
η ≥ 20% [16] motivates investigation of the interre-
lation between EL intensity, photoconversion efficiency,
and surface recombination velocities in these devices as
well. Here, we explore this interrelation both theoreti-
cally and experimentally.
On the experimental side, a series of ninety three HJSC
samples, identical in all respects except for surface re-
combination velocity, S, was prepared. Variation of S
among the samples was due to the variation of the chem-
ical conditions under which the surfaces of our SCs were
treated. We measure EL intensity as a function of applied
bias in these samples, as well as their spectral character-
istics, dark current-voltage curves, and photoconversion
efficiency. Also, we develop a theoretical model that can
be applied to quantitatively describe both photoconver-
sion and EL within a single mathematical formalism.
We find, in agreement with [15], that surface recom-
bination has a strong effect on EL. At the same time,
photoconversion efficiency depends on S much weaker,
at least within the practically relevant range of S less
than 200 cm/s. We show both experimentally and theo-
retically that EL as a function of temperature develops
a maximum due to the competition between the temper-
ature dependence of the radiative recombination coeffi-
2FIG. 1: Schematic illustration of the HJSC elements used in
this study (left), and the equivalent circuit used to derive the
J − V relation (right).
cient at high temperatures and electron freeze-out at low
temperatures. The experimental EL results published in
the literature can be described by this model as well.
II. EXPERIMENT
The structure of the HJSCs studied in this work is
shown in Fig. 1. It is based on an n-type c-Si wafer of
(100) orientation fabricated using Czochralski’s method.
The wafers, cut out of the same part of silicon ingot,
had the thickness d = 170µm. The HJSC area was
239 cm2. Deposited on the wafer’s front surface are the
layers of undoped amorphous silicon (a-Si), amorphous p-
type silicon (p-a-Si:H), a conducting transparent indium
tin oxide (ITO) layer, and a silver grid for current col-
lection. On the rear side are a layer of a-Si, an n-a-Si:H
layer, an ITO layer, and a silver layer. The parame-
ters of the so fabricated HJSCs are given in Table I, first
row. Because all wafers were cut from the same silicon
crystal, they were characterized by the same Shockley-
Read-Hall lifetime, τSRH , and bulk recombination veloc-
ity d/τSRH = 8.5 cm/s. Their radiative recombination
velocity at 300 K was not higher than 1 cm/s.
The chemical processing of the samples involved se-
quential transition of a batch with 24 wafers through
vessels with different chemical solutions and included
the following stages: cleaning-up the surfaces from con-
taminations, texturing in a KOH base solution with a
surface-active additive (isopropyl alcohol) to form pyra-
midal morphology, and final cleaning. The subsequent
stages consisted of plasma-enhanced chemical vapor de-
position of the a-Si layers, deposition of transparent in-
dium tin oxide (ITO) electrodes, and contact grid forma-
tion. These technological stages are described in greater
detail in Refs. [18, 19].
FIG. 2: Photographs of two representative samples with rel-
atively strong (A) and weak (B) EL intensity.
The texturing process took place in the same chemical
solution of volume 10 liters, which gradually accumulated
the reaction products of KOH with silicon, such as potas-
sium silicate: Si + 2KOH+ H2O = K2SiO3 + 2H2 ↑.
The process proceeded at the temperature between 70
and 80 ◦C, at which intensive hydrolysis of K2SiO3 takes
place, resulting in the formation of silicon dioxide gel.
At larger potassium silicate concentrations, the SiO2 film
makes transport of the reagents to silicon surface more
difficult, leading to a notable dispersion of etching rates
among different microscopic regions of silicon surface,
and hence to the sample texturing. Apparently, the prob-
ability of defect and step formation is higher on the pyra-
mid faces, and those defects act as recombination centers,
which have a negative effect on the final EL and photo-
conversion efficiency.
Even the samples belonging to the same batch were
treated under somewhat different chemical conditions
due to the unavoidable local inhomogeneity of the solu-
tion and the non-equivalence of sample positioning within
the batch. Because of this, the samples were character-
ized by the total (front and rear) surface recombination
velocity. By fitting our experimental results with the the-
ory described in the next section, we established that it
ranged from 10 to 200 cm/s.
The measurements of our solar cells’ characteristics
at 300 K were performed using cetisPV-Celltest3 setup
(HALM, Germany) equipped with a cetisPV-cell-EL-Lab
system, a 1.4 MP CCD camera, and light filters that cut
off the wavelengths below 880 nm. For photoconversion
measurements, we used a simulator of AM1.5G solar radi-
ation spectrum of 1 kW/m2 power from Yamashita Denso
Corp. (Model SS-80AA, class AAA); see [27] for further
experimental details. 93 HJSCs were tested. Shown in
Fig. 2 are the photographs of two representative samples
characterized by the relatively strong and weak EL inten-
sity (the brightness histograms and intensity values were
obtained by processing the EL maps in Photoshop).
EL intensity measurements were performed at con-
stant dark current density J = 37.65mA/cm2 main-
tained by an external bias. Note that as surface recombi-
nation velocity increases, so does the recombination cur-
rent through the sample, and thus smaller applied bias
is required to maintain this current density.
3TABLE I: Parameters of our HJSC. JSC , VOC , and P are given for T = 300K under AM1.5G conditions. In the calculations,
the shunt resistance was set to Rsh = 20 kΩ, but the results remained practically the same also for larger values of Rsh.
Shockley-Read-Hall recombination lifetime in the space-charge region τR = 1.2µs, and the ratio of hole and electron capture
cross section by a deep recombination level b = 0.01, see Eq. (11). Bulk Shockley-Read-Hall lifetime τSRH was experimentally
established by measuring photoconversion decay time. Doping level was measured from Hall effect measurements. Surface
recombination velocity, S, and series resistance, RS , of our samples were found by fitting the experimental and theoretical
open-circuit voltage and photoconversion efficiency, see Eqs. (16) and (19) below. In total, we investigated 93 samples, which
differed in surface recombination velocity. As a result, JSC , VOC, and η varied among the samples as well. In the table,
variation range of these parameters is indicated. For comparison, parameters of the HJSCs from Refs. [16] and [17] are also
given in the last two rows.
Ref. Nd, cm
−3 d, µm τSRH , ms JSC , mA/cm
2 VOC, mV η, % S, cm/s ASC , cm
2 RS , Ω
This work 1015 170 2 36-37 690-730 17.8-20.1 10-200 239 0.0033
[16] 4.9 · 1015 98 3.8 39.5 750 24.7 1.5 100 0.0027
[17] 9.3 · 1015 200 1 42.7 706 25 47 4 0.13
III. THEORETICAL MODELING OF EL AND
PHOTOCONVERSION EFFICIENCY OF HJSCS
A. Uniformity of excess carrier concentration
profile
Excess minority hole concentration, ∆p(x), in the base
n-Si region of thickness d is determined from the diffusion
equation
d2∆p(x)
dx2
− ∆p(x)
Ld
= 0 (1)
with the solution
∆p(x) = C1e
−x/Ld + C2e
x/Ld . (2)
The constants C1,2 are to be determined from the bound-
ary conditions at x = 0 and x = d.
If the diffusion length greatly exceeds the base thick-
ness d, ∆p(x) can be treated as approximately constant.
To derive the criterion under which this approximation is
permissible, let us expand the two-exponential solution
in x to the first order around x = d/2:
∆p(x) = ∆p∗ + C
x− d/2
Ld
+ . . . (3)
with ∆p∗ = ∆p(x = d/2) and C/Ld = d∆p/dx|x=d/2.
Obviously, the first-order term can be neglected if the
differences |∆p(x = 0)−∆p∗| and |∆p(x = d)−∆p∗| are
both much smaller than ∆p∗. This gives us the criterion
∆p∗ ≫ |C| d
2Ld
. (4)
To establish the relation between C and ∆p∗, we use the
boundary condition at x = d:
Sd∆p(d) +D
d∆p
dx
(x = d) = 0 , (5)
where Sd is surface recombination velocity in the x = d
plane. Substitution of the first-order approximation (3)
into (5) gives C = −SdLd∆p∗/(D+(dSd/2)). Combining
this expression with the criterion (4), we obtain a simple
condition under which the excess concentration ∆p(x)
in the base region can safely be approximated with a
constant ∆p∗:
Sd ≪ 2D/d , Ld ≫ d/2 . (6)
Hole diffusion coefficient in silicon at Nd = 10
15 cm−3
is about 10 cm2/s. Then, for d = 170µm, the theory
presented below is valid for Sd ≪ 1200 cm/s. Given that
the total (front plus rear) surface recombination veloc-
ity in the x = 0 and x = d planes was found to be
smaller than 200 cm/s (see below), the first criterion (6)
is well fulfilled in our experiment. The second criterion,
expressing the possibility of linearizing the expression (2)
around x = d/2, is likewise fulfilled, because the diffu-
sion length Ld ≈
√
DτSRH = 1.4mm exceeds sample
thickness d = 170µm by an order of magnitude. In the
following, we will omit the asterisk and write ∆p instead
of ∆p∗.
B. Dark J − V curves
The current through the structure equals to the sum of
the current through the shunt resistance, (V −IRS)/Rsh,
and through the HJSC (see Fig. 1). We focus on the case
specified by the inequality (6), assuming that excess car-
rier concentration, ∆p, in crystalline Si is practically uni-
form. The validity of this assumption in our experiment
will be justified in the next section. The current through
the HJSC is due to the recombination mechanism and
is given by qASCd∆p/τeff , where q is the elementary
charge and τeff is the effective lifetime in the c-n-Si. Di-
viding both contributions – the shunt resistance current
and the recombination current in the HJSC – by the SC
area, ASC , we obtain the net current density
J(V ) =
qd∆p
τeff
+
V A−1SC − J(V )RS
Rsh
. (7)
Voltage drop across the HJSC is V − ASCJRS . On the
other hand, it equals to the sum of potential differences
4between the central n-Si slab and the upper and lower
amorphous layers of n-a-Si and p-a-Si. These two volt-
ages can be expressed in terms of the equilibrium, n0 and
p0, and the excess, ∆p, charge carrier concentrations as
V −ASCJRS = kT
q
(
ln
n0 +∆p
n0
+ ln
p0 +∆p
p0
)
. (8)
Multiplying both sides by q/kT and performing expo-
nentiation, we obtain a quadratic equation for the excess
carrier concentration. The solution of this equation reads
∆p(V ) = −n0 + p0
2
+
√
(n0 + p0)2
4
+ n2i
(
eq(V−JASCRS)/kT − 1) ≈
−Nd
2
+
√
N2d
2
+ n2i
(
eq(V−JASCRS)/kT − 1) . (9)
Here, we used the relation n0p0 = n
2
i , where ni is intrinsic
carrier density. For the experimentally relevant doping
levels such that Nd ≫ ni, we have set n0 to Nd and
neglected p0 in the last line.
The inverse effective lifetime in crystalline Si consists
of the bulk and the surface contributions:
τ−1eff = τ
−1
b + (S + USC)/d , (10)
where S is the net surface recombination velocity in the
x = 0 and x = d planes, i.e. on the boundaries between
crystalline and amorphous Si layers. The recombination
velocity in the space-charge region (SCR) is given by [21]
USC(V ) =
1
τR
∫ w
0
dx (Nd +∆p(V ))
[
(Nd +∆p(V ))e
−ypn(1−
x
w
)2
+b∆p(V )eypn(1−
x
w
)2
]
−1
. (11)
Here, τR is the Shockley-Read-Hall lifetime in the
SCR, b = σp/σn is the ratio of hole and electron
capture cross sections by a deep recombination level,
w = 2
√
ln(Nd/ni)ε0εskT/(q2Nd) is the SCR thickness,
εS = 11.7 is the relative permittivity of Si, and ypn =
2 ln(Nd/ni(T )) − qV/kT is the dimensionless inversion
potential. The numerical values of the parameters used
are given in Table I.
The bulk lifetime is determined by several recombina-
tion mechanisms:
τb =
(
1
τSRH
+
1
τr
+
1
τnr
+
1
τAuger
)
−1
, (12)
where the first term, τSRH , is the bulk Shockley-Read-
Hall lifetime in c-Si, the second and the third terms,
τr =
1
A(n0 +∆p(V ))
, τnr =
τSRHnx
n0 +∆p(V )
(13)
are, respectively, the radiative recombination lifetime
characterized by the parameter A [22], and the exci-
ton non-radiative recombination lifetime [23]. The lat-
ter depends on the parameter nx, whose value in Si at
room temperature is 8.2 · 1015 cm−3 [23]. Finally, τAuger
is Auger band-to-band recombination lifetime, whose
rather involved expression is taken from the work [24]
and is not reproduced here. In our case, Auger recombi-
nation mechanism practically does not play a role, but it
becomes important at high doping levels [26]; therefore,
it is included in Eq. (12) for the sake of generality.
C. J − V curves in the presence of illumination
Illumination of the HJSC results in the onset of the
light-generated current in the reverse direction. The ex-
pression for the excess carrier concentration (9) remains
the same, but the current expression becomes:
J(V ) =
qd∆p
τeff
+
V A−1SC − J(V )RS
Rsh
−∆J , (14)
where the light-generated part of the current density, ∆J ,
is chosen so as to have the correct short-circuit current
density limit, J(V = 0) = JSC :
∆J = qd (∆p/τeff )SC + JSC (1 +RS/Rsh) ≈ JSC ,
(15)
where (∆p/τeff )SC is given by (9), (10) with V = 0
and J = −JSC . The short-circuit current needs to be
determined experimentally. Its substitution into (14) and
numerical solution of this equation allows one to describe
the J − V curve at arbitrary bias values. In particular,
the open-circuit voltage is [cf. (8)]
VOC =
kT
q
ln
(Nd +∆pOC)∆pOC
n2i (T )
. (16)
The excess electron-hole pair concentration in silicon
bulk under the open-circuit conditions, ∆pOC , should be
found from the generation-recombination balance equa-
tion,
JSC = q (S + (d/τb))∆pOC . (17)
Using the maximal-power condition, d(V J(V ))/dV =
0, the voltage Vm at the maximal power can be found.
Substitution of Vm into Eq. (14) allows determining the
respective photocurrent Jm. As a result, an expression
for the maximal photoconversion power is obtained,
P = ASCJmVm . (18)
The J−V curve fill factor and photoconversion efficiency
are
FF =
JmVm
JSCVOC
, η =
JmVm
PS
, (19)
where PS is the incident radiation energy flux.
5D. Electroluminescence intensity
Experimental EL intensity,
IEL =
J
q
γintγext , (20)
at constant current J is proportional to the internal EL
quantum efficiency
γint = τeff/τr, (21)
where all relaxation times are given by (10)-(13). The
external EL efficiency γext is of the order of a few per
cent and is affected by the total internal reflection by the
front surface at large angles of incidence, Fresnel reflec-
tion at small angle of incidence, and by optical losses due
to photon reabsorption. Note that the effect of the last
factor is the smallest of all three, because Because sur-
face recombination velocity is not among the factors that
influence γext, we will treat γext merely as a fit parameter
without attempting to determine it theoretically.
IV. EXPERIMENTAL RESULTS AND
DISCUSSION
A. Surface recombination effect on EL and
photoconversion efficiency of HJSCs under AM1.5
conditions
While all samples studied were characterized by very
close values of photoconversion efficiency from 17.8% to
20.1%, EL exhibited a large dispersion among the sam-
ples. To understand this result, shown in Fig. 3(a) is
the theoretical dependence of photoconversion efficiency
on the surface recombination velocity. Different curves
in this figure are built for different series resistance val-
ues. For comparison, Fig. 3(b) shows the theoretical EL
intensity vs. S at the current density of 37.68mA/cm2.
As seen from panels (a) and (b) of Fig. 3, EL intensity
decreases with S much faster than photoconversion effi-
ciency does. Indeed, if the latter decreases by about 10%,
the former decreases by more than an order of magnitude.
Fig. 3 (c) shows the experimental (symbols) and theo-
retical (lines) photoluminescence intensity El vs. photo-
conversion efficiency taken for all samples studied (sym-
bols) and the theoretical curves obtained for different
series resistance values. The fact that all experimental
data points fit a single master curve predicted by the
theory confirms its validity. Comparison between the two
sets of data allows determining the series resistance to be
Rs = 3.3mΩ. Besides, the value of surface recombina-
tion velocity can be determined from this plot for each
individual sample. The larges S-value so found does not
exceed 200 cm/s. While it is impossible to distinguish be-
tween front and rear surface contributions to S = S0+Sd,
it is reasonable to assume that they are about the same.
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FIG. 3: Theoretical photoconversion efficiency (a) and EL in-
tensity (b) vs. surface recombination velocity. In panel (a),
the curves are obtained for different series resistance RS , as
indicated in the legend. In panel (b), the El curves are prac-
tically the same for all these values of RS. (c) EL intensity
vs. photoconversion efficiency.
This means that the rear surface recombination veloci-
ties in our samples Sd < 100 cm/s, as required by the
criterion (6).
These results indicate that EL intensity of HJSCs can
serve as an indicator of their semiconductor structure
quality, in particular, of the interface between the tex-
tured wafer and the heterojunction.
For temperature-dependent measurements (see next
subsection), one of the large-area HJSC samples was cut
into small pieces with the area of ASC = 1 cm
2. Each
of those small-area samples was treated individually to
produce the front and rear metal contacts, and therefore
was characterized by its individual parasitic resistance.
Shown in Fig. 4 are the experimental dark J−V curves
for two representative small-area HJSC samples, mea-
sured at T = 300 K. The two samples were cut off from
the same large-area SC characterized by the surface re-
combination velocity S = 10 cm/s; their photoconversion
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FIG. 4: Dark J − V curve under AM1.5 illumination condi-
tions for two small-area samples that differ in series resistance
(RS = 1.5Ω for sample A and 12Ω for sample B. Surface re-
combination velocity S = 10 cm/s for both samples. The
theoretical curves are obtained using Eqs. (7)-(13). The hor-
izontal line is drawn at a 36.76 mA/cm2 level.
0.0 0.5 1.0 1.5 2.0 2.5
0
20
40
60
80
100
120
140
160 ,  Sample A
,  Sample B
,  Ref. [11]
,  Ref. [12]
I E
L
  
[a
rb
. 
u
n
it
s]
V  [V]
FIG. 5: Experimental integral EL intensity vs. applied volt-
age for the two samples (symbols), and the theoretical fit
curves (black solid and dashed lines). The theoretical curve
for sample A is obtained for the series resistance RS = 1.5Ω,
and for sample B, RS = 12Ω. The shunt resistance was Rsh =
10 kΩ and the surface recombination velocity S = 10 cm/s for
both samples. The green curves were built for parameter val-
ues from Ref. [16], but with S = 1.5 cm/s (dashed line) and
S = 12 cm/s (dotted line). The blue curves were built for
the parameters taken from Ref. [17], but with S = 47 cm/s
(dashed) and S = 1.5 cm/s (dotted).
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FIG. 6: Dark J − V curves for sample A at different temper-
atures. The theoretical curves are built using Eqs. (7)-(13).
12Ω, respectively.
Fig. 5 shows the experimental integral EL intensity vs.
direct bias for these two samples. To obtain the exper-
imental El, the measured EL spectrum was integrated
from 1.02µm to 1.28µm [see (20)], as Iel(λ) was practi-
cally zero outside of these limits. The theoretical internal
EL quantum efficiency γint(V ) was found using Eq. (21).
The agreement between the theoretical and experimental
curves can be achieved only by taking into account the
dependence of the radiative recombination coefficient in
silicon on the injection level ∆p(V ), see Ref. [22].
For sample A, this curve is non-monotonic, develop-
ing a maximum at around 1 V, whereas for sample B, it
monotonically increases, similar to the respective curves
from Ref. [14]. All theoretical curves in Fig. 5 were nor-
malized to the maximal γint value of the sample A and
post-multiplied by 100; the respective experimental data
points were similarly normalized to the maximal EL in-
tensity for sample A. The maximal theoretical value of
the internal EL quantum efficiency was 2.6%, which is
somewhat larger than the experimental EL external ef-
ficiency – the ratio of the irradiated to absorbed power
– of 2.1%. Although the internal quantum efficiency of
EL is greater than the external quantum efficiency, in the
case of HJSCs studied here, the difference between them
is quite small. The first reason for this is that the part
of the surface area shadowed by the contacts is only a
few per cent of the total area. Second, both sides of the
silicon wafer are microtextured, which leads to a strong
reduction of light reflection coefficient from the surface.
The dashed green curve in Fig. 5 is the theoretical
γint(V ) dependence for HJSC parameters from Ref. [16]
(see the second row of Table I). Note that for the sam-
ples studied in Ref. [16], surface recombination velocity
is quite low (about 1.5 cm/s). Recalculation of the max-
imal quantum efficiency for the case when RS = 1.5Ω
and V = 0.83V gives the value of 4.1%.
7The dotted green curve in Fig. 5 represents the theoret-
ical γint(V ) dependence for HJSC parameters from the
same Ref. [16], except for the surface recombination ve-
locity, S, which was set to 12 cm/s. As seen from Fig. 5,
the difference between the peak EL efficiency obtained for
this set of parameters and for the fitting curve of sam-
ple A is about 6%, whereas the peak values for the green
dashed and dotted curves differ by 57%. The main reason
for this discrepancy is low surface recombination velocity
value realized in Ref. [16], whereas other characteristics,
such as wafer thickness, doping level, Shockley-Read-Hall
lifetime, and short-circuit current affect EL quantum ef-
ficiency much more weakly.
Finally, the dash-dotted blue curve in Fig. 5 shows the
theoretical γint(V ) dependence for a p-n junction-based
SC with photoconversion efficiency of 25% [17]. The pa-
rameters used to build this curve are given in the third
row of Table I. Surface recombination velocity of 47 cm/s
was determined in the work [26] by comparing the main
theoretical and experimental characteristics of SCs. As
seen from comparison of this curve with the results ob-
tained for Sample A, the theoretical EL internal quantum
efficiency value is about twice as small as in the HJSC
element studied here (ca. 1.3%), which is quite close to
the experimental external quantum efficiency from Ref.
[13]. Setting S to 1.5 cm/s, the peak EL quantum effi-
ciency of 2.25% is obtained. Photoconversion efficiency
of both HJSCs and p-n junction-based solar cells is a
much weaker function of the surface recombination ve-
locity than EL efficiency. As the η-values from Table I
suggest, in spite of the rather large S in p-n junction-
based solar cells, the photoconversion efficiency in them
is actually the highest.
It should be noted that the theoretical value of the EL
internal quantum efficiency, γint, is strongly influenced
by the non-radiative exciton recombination. For exam-
ple, for the first sample, neglecting this effect leads to
an increase of γint at maximum to 4.08%, as compared
to the value of 2.6% obtained with taking this recombi-
nation channel into account, i.e. the difference is by a
factor 1.5. At the same time, photoconversion efficiency
at the parameter values considered here is influenced by
this mechanism by only about 2%, see Ref. [23]. This is
related to the difference in the effect of the total surface
plus bulk recombination velocity on the EL and photo-
conversion efficiency, which can be traced back to the
fact that EL internal quantum efficiency is inversely pro-
portional to the recombination current, whereas photo-
conversion efficiency is inversely proportional to the log-
arithm of recombination current. Thus, the general con-
clusion is that the maximal EL efficiency both in HJSCs
and in p-n junction-based SCs is realized for the minimal
total (surface + bulk) recombination velocity.
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FIG. 7: Experimental (symbols) and theoretical (solid curve)
EL intensity vs. temperature. The theoretical curve is built
using Eqs. (21) and (11)-(13). The inset shows the assumed
temperature dependence of surface recombination velocity.
B. Temperature dependence of
electroluminescence in HJSCs
Shown in Fig. 6 are the experimental J −V curves for
sample A, measured at the temperatures T = 173, 223,
273, 298, 323, and 373 K. They correlate well with the
dark and illuminated J−V curves from Ref. [27]. As seen
in the figure, theoretical curves are in good agreement
with the experimental ones. An interesting feature of the
experimental J(V ) curves for the temperatures 173, 223,
and 273 K, see Fig. 6(b), is that at the current densities
below 1mA/cm2, the current is purely due to tunneling
mechanism. This is seen from the current reduction as
compared to the current in Si-based p-n junctions (see,
e.g., [14]), as well as from the strong decrease of the slope
of the J − V curves. The expression for the tunneling
current
JT = J0
(
eqV/ET − 1
)
, (22)
where J0 is saturation current density and ET tunneling
energy, together with the expressions (7)-(13) at J >
1mA/cm2, allows to obtain good agreement of the theory
with the experiment if one takes J0 = 1.4 · 10−2mA/cm2
and ET = 0.21 eV.
In Ref. [27] it was shown that the series resistance in-
creases on cooling due to the increase of the resistance in
the ITO-metal contact. This observation correlates well
with the results of Ref. [20].
Fig. 7 shows the experimental temperature dependence
of the integral EL intensity measured at the recombina-
tion current density of 37.65 mA/cm2, normalized to the
maximal value at T = 223K. At higher temperatures,
EL intensity decreases due to the decrease of the radia-
tive recombination coefficient with temperature. At low
T < 200K, radiation recombination parameter A is de-
8termined mostly by exciton radiative recombination, and
can be written as
A ≈ Nx
NcNv
1
τrx
eEx/kT , (23)
where Nc, Nv, and Nx are effective densities of states
in the conduction, valence, and exciton bands of sili-
con, Ex is the exciton ground state energy (0.0147 eV
in Si), and τrx is exciton radiative recombination lifetime
[22]. The EL intensity in n-type silicon is proportional to
A(n0+∆p(V )). According to Eq. (23), the radiative coef-
ficient increases monotonically on cooling, and therefore
its temperature dependence cannot be responsible for the
experimentally observed decrease of EL and photolumi-
nescence to the left of the peak in Fig. 7 (see Ref. [12]).
To explain this effect, one needs to account for the elec-
tron freeze-out at low temperatures [28]. Equilibrium
electron concentration can be found from the neutrality
equation
n0(T ) =
2√
pi
Nc(T )
∫
∞
0
dx
√
x
1 + ex+
Ec−EF
kT
≈ Nce(EF−Ec)/kT = Nd
1 + 2e(EF−Ed)/kT
,(24)
where EF is Fermi energy, Ed is the energy of donor
level, and Nc(T ) = Nc(300K)(T/300K)
3/2 the effective
density of states in silicon conduction band at 300K. It
follows from Eq. (24) that the lower the temperature,
the fewer donors are ionized, which leads to a dramatic
decrease of n0 on cooling. Solution of this equation for
e(EF−Ec)/kT and back-substitution of this result into the
expression for the electron concentration gives at low
temperatures n0(T ) ≈
√
NcNd/2e
−(Ec−Ed)/(2kT ), i.e. a
dramatic decrease of the conduction electron concentra-
tion on cooling.
Apart from the experimental curve, Fig. 7 also shows
the normalized theoretical internal quantum efficiency of
EL vs. temperature obtained with the help of Eq. (23),
and also taking into account the electron freeze-out in
silicon. In addition to exciton radiative recombination,
the band-to-band radiative recombination was also ac-
counted for using the expressions from Ref. [22]. It was
assumed that Ed = 0.044 eV (corresponding to phospho-
rus level in Si), and the parameters nx, S, τSRH , and
τAuger had the same values as at T = 300K. As seen
in the figure, the locations of the theoretical and experi-
mental EL intensity maxima agree well with each other.
In order to achieve a good agreement between theory
and experiment, temperature dependence of surface re-
combination velocity, S, had to be assumed, see inset in
Fig. 7. Its increase with temperature is due to the shift
of Fermi level toward the middle of the bandgap, leading
to a variation in the population of surface states, and a
corresponding variation in S. Therefore, another reason
of El decrease at T > 223K is the growth of surface
recombination velocity with temperature.
The relation between the EL intensity reduction in
HJSCs to the current transport peculiarities at low tem-
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FIG. 8: Experimental temperature dependence of the maxi-
mal EL wavelength (symbols). The theoretical curve is ob-
tained using Eq. (25).
peratures (below 173K) is confirmed by the tempera-
ture dependence of photoluminescence intensity in sili-
con from Ref. [12]. Photoluminescence intensity also de-
creases at very low temperatures, but its decrease begins
at 125K, i.e. 100 degrees below the respective tempera-
ture in HJSCs.
Because the binding energy of an exciton in silicon is
about 14.7meV, EL effect has edge character, and the
temperature dependence of the wavelength at which EL
has maximal intensity is determined mainly by the tem-
perature dependence of bandgap in silicon (see Fig. 8).
This maximal wavelength is described well by an expres-
sion
λmax(T ) =
1240 nm
Eg(T )/1 eV
+ 38 nm , (25)
where Eg(T ) is the bandgap energy. In crystalline sili-
con, radiative edge luminescence is accompanied by a TO
phonon of energy 58meV, which alone cannot explain
the value of 38 nm in this expression. It can be assumed
that several different radiative recombination processes
involving different phonon types may be operative in our
HJSCs.
V. CONCLUSIONS
A theoretical model allowing one to quantitatively de-
scribe experimental photoconversion efficiency and EL
intensity in HJSCs is proposed. Our approximate treat-
ment is valid at the minority diffusion length much
greater than sample width and small surface recombi-
nation velocities, see Eq. (6). These conditions are well
satisfied in high-efficiency HJSC, but may break down in
the standard SCs.
It is established that the sensitivity of EL in HJSCs and
silicon p-n junctions to surface recombination velocity is
9much stronger than the respective sensitivity of photo-
conversion efficiency: EL is inversely proportional to S,
whereas η decreases with S logarithmically. In HJSCs
studied, EL efficiency reaches the value of about 2%,
whereas in silicon p-n junction diodes, it is about 1%.
At the same time, in order to achieve maximal EL effi-
ciency, it is necessary to minimize both surface and bulk
recombination velocity.
For correct modeling of EL in HJSCs, it is necessary
to take into account the dependence of radiative recom-
bination coefficient on the injection level.
The non-radiative exciton recombination in monocrys-
talline silicon strongly influences EL internal quantum
efficiency in HJSC, in contrast to photoconversion effi-
ciency.
The dark J − V curves of HJSCs were studied in a
broad temperature range. Above 298K, the net current
is formed by the sum of the current through the shunt
resistance, recombination current in the space-charge re-
gion, and diffusive current, in which the rear surface must
be taken into account. At temperatures below 273K, in
addition to these mechanisms, tunneling current becomes
essential.
EL intensity is a nonmonotonic function of tempera-
ture, having a peak at 223K. Its decrease at temperatures
below 220K can be explained by electron freeze-out at
low temperatures. At T > 220K, it decreases due to the
decrease of the radiative recombination coefficient and
increase of surface recombination velocity in silicon.
The results obtained here can be used as a methodolog-
ical basis for surface characterization of monocrystalline
silicon.
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